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ABSTRACT

Direct measurement with thermocouples of the power

deposited in the anode of a multi-megawatt magnetoplasma-

dynamic discharge has shown the fractional anode power to

decrease from 50% at 200 kW to 10% at 20 MW. Using local

measurements of current density, electric potential, and

electron temperature, the traditional model for heat conduc-

tion to the anode is found to be inadequate. Other experi-

ments in which the voltage-current characteristics and exhaust

velocities of MPD arcs using Plexiglas and boron nitride cham-

ber insulators and various mass injection configurations

show that ablation can affect nominal accelerator opera-

tion in several distinct ways.

The incorporation of a hollow cathode in a 7 kA plasma

discharge has shown that a stable current attachment can be

realized in the cavity without the aid of cathode heaters,

keeper electrodes, or emissive coatings. Measured current

and potential distributions within the cathode cavity re-

veal that the bulk of the current attaches in a region of

weak axial potential gradient. Infrared spectra reveal an
17 -3electron number density of several times 10 cm inside

the cavity, more than an order of magnitude greater than

previously observed in solid cathode MPD discharges at twice

the .arc current level.

To determine the suitability of the MPD discharge as a

plasmadynamic laser source, the optical depth of several

ionized argon spectral lines has been determined. Preliminary

data, which can be related to the gain characteristics of the

expanding exhaust flow, have as yet revealed no evidence of

inverted population distributions. In a complimentary experi-

ment, significant vacuum ultraviolet radiance has been

detected in the exhaust flow indicating the possible gen-

eration of inversions in the recombination process.

ii
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I. INTRODUCTION

The plasma research program at Princeton recently was

expanded from one which concentrated solely on plasma pro-

pulsion to one which now incorporates substantial efforts

in the areas of hollow cathode physics and plasmadynamic

lasers. The present division of effort within the labora-

tory reflects this new emphasis with three graduate students

in the terminal phases of their Ph.D. programs involving

magnetoplasmadynamic acceleration processes, two students

exploring various aspects of plasmadynamic lasers and one

making rapid strides in the hollow cathode area. In addi-
tion, the two research staff members have been concentrating

their effort mainly on the two new research topics.

In the MPD accelerator program, the work of two of the
students, A. J. Saber and M. J. Boyle, will be presented as
papers at the AIAA 10th Electric Propulsion Conference to
be held at Lake Tahoe, Nevada, October 31 through November 2,
1973. These two papers appear in a slightly modified form
in this report. The first details the decrease in the frac-
tional anode power loss as total arc power increases, while
the second concentrates on the several effects of insulator
ablation on MPD accelerator operation. In a separate study,
the effects of the injected propellant distribution on both
terminal and internal properties of the MPD discharge are
presented.

Significant progress has-been made in the hollow cathode
area. Most important has been the attainment of pulsed,
high current hollow cathode operation with all of the current
attaching inside the cavity. In this mode, the current and
potential distributions have been mapped for the first time,
allowing models for the emission process to be discussed.
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This material will also be presented at the forthcoming

Electric Propulsion Conference.

Although the plasmadynamic laser program is still

in its early phases, a preliminary experiment has been

initiated to determine the gain or absorption of selected

transitions within the argon ion in the expanding MPD

exhaust flow. An additional new experiment has identified

the ultraviolet radiance characteristics of the discharge,

which can be related to the possible generation of inver-

sions in the recombination process.
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II. QUASI-STEADY MPD DISCHARGE

II-A. Anode Power Deposition (Saber)

The power deposited in the anode of steady-state arc-

jets operating at arc powers up to several hundreds of kilo-
A-iwatts can be as large as 50% of the total input power.

The anode therefore is the major power consumer in these dis-

charges. However, recent indications of anode heat flux in

a quasi-steady MPD accelerator, as determined from local

measurement of the plasma properties near the anode, indicated

that the fraction of the total power delivered to the anode

decreased steadily as arc power was increased into the multi-
132

megawatt range. This result suggests that as the total

power is increased, a fractionally larger power appears in

the plasma and is available for subsequent conversion to

thrust, i.e. the thrust efficiency will increase. To in-

vestigate that significant trend in more detail, the local

anode heat flux has been measured directly with thermocouples

over the entire anode surface of a quasi-steady MPD acceler-

ator. This direct measurement of anode power covers the range

from 200 kW, the level of the high-power steady D.C. arc-
A-2

jet, to 20 MW, and verifies the previously inferred drop

in fractional anode power as total power is increased. The

anode power measurement has recently been augmented by diag-

nostic determinations of the local plasma properties at the

anode, which allow the heat flux into the anode to be com-

pared with the model commonly employed for this process.

Direct Measurement of Anode Power

The direct measurement with thermocouples of the power

deposited in the anode has been described in detail previous-

ly. 14 3 '14 6 Briefly, the local anode temperature rise was

monitored by 12 thermocouples attached to the inside of a
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1-mm-thick shell anode, shown schematically in Fig. 1. Apply-

ing the model for heat conduction through a plane parallel

slab to the shell, the thermocouple response to the quasi-

steady discharge was converted into local heat flux values,

and thence to anode power via integration of the heat flux

over the anode surface. This technique has been applied over

a range of arc currents from 5.5 to 44 kA and argon mass flows

from 1 to 48 g/sec. The results, plotted as fractional anode

power against total arc power, are repeated in Fig. 2 for

subsequent comparison with fractional anode powers calculated

from probe data. These direct measurements verify the re-

markable decrease in anode power fraction as arc power in-

creases, and encourage further examination of the processes

responsible for this dependence.

Indirect Measurement of Anode Power

The heat flux to an arc anode has commonly been accounted

for in terms of the flow of electrons of temperature Te at

a current density ja, through an anode fall Va, to an ab-
A-1

sorbing anode of work function 9 . This energy balance

can be written:
kT

j(V 5 e + + v+ q (1)
a =  a(Va + 2 e conv rad

where k is Boltzmann's constant, e is the charge on an

electron, and qconv and qrad are convective and radiative con-

tributions which are neglected here. In an effort to check

the validity of this model, local values, of ja, Va and Te in

the anode adjacent plasma were obtained from measurements with

magnetic probes, floating Langmuir probes and double probes.

These measurements provide an independent calculation of the

anode heat flux for comparison with the measured values.

Probing was carried out for arc currents from 8 to 22 kA with
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an argon mass flow of 24 g/sec, for mass flows from 6 to

48 g/sec with a current of 16 kA, and for five combinations

of current and mass flow which produce a fixed J2/i =

10 kA2-sec/g at an arc power increasing from 0.6 to 3.4 MW.

Anode Current

The enclosed current contours were obtained from the

integrated signals from magnetic field probes with 0.3-cm-

diameter, 120-turn coils in 0.4-cm-diameter glass tubing.

Figure 3 shows typical enclosed current contours for opera-

tion at 16 kA and 24 g/sec. The 1-cm-wide anode shell and

discharge chamber insulating ring are shown. Probing was

carried out to about 2 mm from the anode surface and the

contours extrapolated to the anode. The indicated currents

on the contours show the total current downstream of the given

line. The current contours were used to calculate the anode

current density shown in Fig. 4 for the same 16 kA x 24 g/sec

arc operation. Like the heat flux profile shown previously,14 6

the current density peaks in the lip region at about 300 A/cm 2

The current density drops in the chamber to 80 A/cm 2 and to

10 A/cm 2 on the face.

It has been observed that the current conduction pattern

at the anode is maintained for other operating conditions for

the same J2/ = 10. However, a larger portion of the total

current attaches on the downstream face of the anode as J2/m

is increased.

Electron Temperature

The electron temperature was determined from the measured

characteristic of a double probe with 0.7-cm-long by 0.007-cm-
A-3

diameter electrodes. The electron temperature at 24 g/sec

and total currents increasing from 8 to 22 kA is shown in

Fig. 5a for a location in the anode midplane, 0.2 cm radially
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inward from the lip. The increase from 0.7 eV to about 2 eV,

nearly a factor of 3, indicates an approximately linear de-

pendence of electron temperature on arc current. The much

weaker dependences of the electron temperature on mass flow

and on arc power are shown in Fig. 5b and 5c. For the same

range of discharge currents and mass flows, the electron tem-

perature 0.2 cm upstream of the anode, 0.2 cm from the cham-

ber insulator, was approximately 20% lower than at the lip

and about 10% lower at a corresponding position near the

downstream face of the anode. The accuracy of the electron

temperature measurement was estimated at approximately ± 20%
since the reduction of the data is very sensitive to the small

superimposed fluctuations on the probe current, which may have

been caused by ion density fluctuations in the plasma.

Anode Fall Voltage

The anode fall voltage was derived from the measurement

of the floating potential distribution obtained with a radial-

ly orientated Langmuir probe with a 0.1-cm-long by 0.007-cm-

diameter tungsten tip. The floating potential pattern for the

16 kA x 24 g/sec operating point is shown in Fig. 6. .The anode

lip, discharge chamber insulator and enclosed current contours

are shown for reference. The separation of the equipotentials

gives an indication of the electric field over the anode. The

electric field is highest on the upstream lip where the equi-

potentials are most closely spaced.

The floating potential measurements were reduced to plasma

potentials by the addition of a term approximately four to five

times the electron temperature in electron volts. This correc-

tion term includes the contribution from the flow of ions im-

pinging on the probeA -4 ,A - 5 in addition to the usual ion and

electron current terms.A-6A-7 The accuracy of the anode fall

voltage, which is defined here as the plasma potential 0.1 cm
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from the anode surface, is therefore dominated by this cor-

rection term which contains the electron temperature and is

subject to its inaccuracies.

The anode fall voltage is shown in Fig. 7 for constant mass

flow,current and J2/m parameter. Examining the operation at low

currents for a constant mass flow of 24 g/sec (Fig. 7a), the

anode fall voltage is nearly constant at 2 volts in the cham-

ber and on the downstream face, dipping about 1 volts on the

lip. As the current is increased, the anode fall voltage in-

creases strongly. Figure 7c exhibits the anode fall voltage

profiles for constant J2/A = 10 as the arc power is increased

from 0.6 MW to 3.4 MW. The 0.6 MW profile is at an approxi-

mately 5 volt level inside the chamber and rises to 8 volts

on the downstream anode face while the 3.4 MW profile is 5.5

volts in the chamber and rises to 12 volts on the downstream

side, only 50% higher than the 0.6 MW profile.

Anode Power from Probe Measurements

Using the measured local values of current density,

electron temperature and anode fall voltage, each of the

terms in Eq.(1) can be calculated and integrated over the

anode to yield a theoretical anode power fraction. The indi-

vidual anode power components, due to anode fall, work function

and electron temperature, are shown in Fig. 8, along with their

sum, in comparison with the anode power fraction measured with

thermocouples. The anode power calculated from Eq. (1) is

seen to lie consistently below the power measured by the

thermocouples, with the discrepancy increasing at the lower

total powers.

The source of this discrepancy is not yet firmly established,

but appears to be related to the ability of.the conduction elec-

trons to acquire kinetic energy from a larger portion of the

inner-electrode potential than simply the anode fall. That is,
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the effective electron mean free path for energy transfer

in the prevailing discharge environment considerably ex-

ceeds the dimension of the anode sheath. Based on the

measurements of electron number density and temperature

available, we have estimated this effective mean free path

to be some 2 cm at the 16 kA x 24 g/sec condition, which, in

view of the prevailing inter-electrode potential distribution

implies that a typical electron falls through some 10 volts,

rather than only the 5 volts of the anode fall on its way

to the anode surface. This, in turn, increases the frac-

tional anode power from this component from .07 to .14 and

thence the composite power from 0.14 to 0.21 as shown by the

solid triangle in Fig. 8 (the solid circle represents thermo-

couple results for the same condition). Preliminary examina-

tion of available data indicate that this effective potential

drop experienced by the electrons reaching the anode deviates

less from the standard anode fall as the power density of the

discharge increases. Thus the trend is to bring the computed

curve into better agreement with the measured behavior over

the range of arc powers studied.
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II-B. Effect of Insulator Ablation on the
MPD Discharge (Boyle)

High power, quasi-steady operation of the MPD accel-

erator is known to increase its attractiveness as a primary

propulsion device. Specific impulses of several thousand

seconds have been measured,A 8 and thrust has been verified

to scale as the square of the current in this operating

mode.A-9 In addition, as shown in the previous section, the

power loss to the anode becomes fractionally less important

as the total input power is increased. Countervening these

benefits, multimegawatt quasi-steady arcjet operation tends

to produce serious insulator ablation, which must be properly

accounted for in evaluating the arcjet's high power perform-

ance characteristics, and must be virtually eliminated before

long-term thruster operation can be contemplated.

This section describes the manner in which arc voltage

and exhaust velocity of a quasi-steady MPD arc are affected

by the introduction of ablation products into the discharge

and exhaust stream, and discusses techniques for eliminating

such effects. Actually, several categories of ablation need

be distinguished, according, to the effects produced relative

to nominal MPD arc operation. Ranked in descending degrees

of ablation, we define: (1) "significant ablation" to imply

ablation-dominated terminal voltages and ablation-dependent

velocities; (2) "reduced ablation" where only the exhaust

velocities are affected; (3) "minimal ablation" where the

quasi-steady arc characteristics are independent of insulator

material, but the presence of ablated species in the dis-

charge is detected spectroscopically; and (4) "no ablation"

detectable in any fashion. Examples of the first three

categories and the steps taken to alleviate their perturbing
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effects are discussed. Category (4) has not yet been real-

ized except under low current, high mass flow rate operating

conditions far outside the range of space thruster interest.

The discharge configuration used for these experiments

is identical to that shown in Fig. 1 with the exception that

the shell anode has been replaced with a solid anode of equal

dimensions. The anode is electrically insulated from the

cathode by a cylindrical pyrex wall insert and a circular

rear end plate. Insulator ablation in the present context

refers to the ablation of this end plate, which is construc-

ted of either Plexiglas or boron nitride. In addition to

acting as an insulator, the end plate contains the injection

orifices through which argon propellant is supplied to the

discharge chamber. Changes in mass injection geometry refer

to the use of end plates which distribute the injected pro-

pellant to different locations within the discharge chamber.

Effects of Insulator Ablation on the
Voltage-Current Characteristic

For a given accelerator geometry, current level, and in-

put mass flow rate and distribution, the voltage-current

characteristic of the MPD arc indicates the electric potential

required to drive that current between the anode and cathode

in the presence of plasma resistivity, plasma flow, magnetic

fields and electrode sheaths. The terminal arc voltage may

be expressed as the sum of an ohmic, motional emf, Hall and

electrode fall term:
A A A

V=J.3- - (uxB)R (j B) +VF (2)

c c c
A

where da implies integration along any convenient contour
c
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from the cathode to anode sheath surfaces, and VF equals
the sum of the anode and cathode falls. Order of magnitude
estimates for the plasma environment of this study imply
that additional contributions to the voltage due to electron
pressure gradients and ion slip are negligible.

The voltage-current (V-J)characteristic of the arc for
a given mass flow rate and injection geometry is obtained on
a shot to shot basis. Arc voltages are measured with respect
to anode ground by a 1000:1 Tektronix high voltage probe
attached to the cathode, while the arc current is recorded by
a Rogowski loop embedded about the cathode. The total elec-
trode fall voltage in each case is determined by extrapolating
the terminal voltage back to its zero current value. (V-VF)
is then plotted against the current.

The V-J characteristic for a six-hole Plexiglas insulator
end plate and a total mass flow rate of 6 g/sec is presented
on a log-log scale in Fig. 9. The argon propellant is injec-
ted axially into the discharge chamber through six 0.48 cm
orifices symmetrically distributed about the 2.54 cm radius
as illustrated in Fig. 10a. The Plexiglas characteristic may
be divided into three separate regions shown in Fig. 9:
(I) a low current region where the arc voltage is proportional
to the current, (II) an intermediate current region charac-
terized by a voltage proportional to the cube of the current,
and (III) a high current region where the arc voltage scales
linearly with the current. The functional behavior of the
voltage with current within the three regions of the Plexiglas
V-J characteristic may indicate respectively, electrothermal,
electromagnetic, and ablation-dominated modes of operation.

The voltages in region I exhibit a linear dependence with
current suggestive of electrothermal arcjet operation. Elec-
trothermal plasma acceleration is characterized by the creation
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and subsequent expansion of a resistively heated, high

enthalpy plasma at sufficiently low current that the jxB

body forces within the discharge are negligible. Because

resistive heating phenomena dominate the electrothermal mode,

electrothermal terminal voltages should accordingly scale

as the ohmic integral - Since the plasma conductivity
c

in this regime of arc operation is only weakly sensitive to

current density, the complete integral scales nearly linearly

with current.

Similarly, region II may be associated with an electro-

magnetic mode of arcjet operation. In the Ohm's law formula-

tion of the V-J characteristic, equation (2), the electro-

magnetic mode of arcjet operation appears as the motional emf

integral f (uxB) -d. Since the self magnetic field, B, is

proportional to the current, J, the back emf term will scale

as uJ. In the electromagnetic mode the exhaust velocity may

be related to the current through the self-field MPD arc thrust

equation.61

T = iu = poJ2 [ (r/rc)+ 34/4Y (3)

Thus for a mass flow independent of current the average ex-

haust velocity will scale as J2 implying a J3 arc voltage de-

pendence is associated with the electromagnetic mode of arcjet

operation. Such cubic dependence is indeed exhibited by the

region II voltages in Fig. 9. Thus, the transition between

region I and region II at approximately 7 kA implies a tran-

sition from an electrothermal to an electromagnetic mode of

arcjet operation.

The second transition in Fig. 9, from region II to region

III at approximately 10 kA, we believe to be associated with

insulator ablation. As postulated above, high current arcjet

operation is characterized by an arc voltage proportional to

the motional emf term of Ohm's law and it seems reasonable to
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expect the voltage transition between region II and region

III to be due to the onset of phenomena which affect the

functional variation of the exhaust velocity with current.

Quasi-steady thrusters using ablated electrode material as

the propellant are found to ablate mass at a rate pro-
A-10

portional to the square of the current. For such

thrusters the self-field equation (3) implies that exhaust

velocities should be independent of arc current, and indeed,

velocity measurements in the "starved", highly ablative region

III of our Plexiglas characteristic indicate the average ex-
118

haust velocity is independent of current. It follows then,

that ablation-dominated terminal arc voltages will scale

linearly with arc current just as seen in region III4of Fig.

9.

For similar levels of incident thermal and/or radiative

energy flux, refractory insulating surfaces are less prone to

ablate than Plexiglas surfaces. Accordingly boron nitride

was substituted for Plexiglas because of its higher thermal

diffusivity and ablation temperature. In Fig. 11 the voltage-

current characteristic for the same mass injection configura-

tion and mass flow rate as above is now shown with boron

nitride as the insulator material instead of Plexiglas.

Regions I and II appear much the same as in the Plexiglas

case, but no similar transition to region III of ablation-

dominated voltage is seen in the boron nitride case. Instead,

the high current regime, J 10 kA, continues to be character-

ized by a J3 voltage dependence in spite of spectral evidence

of ionized boron and nitrogen in the discharge plasma.

Apparently the refractory nature of the boron nitride insula-

tion reduces the degree of ablation to such an extent that the

terminal voltages are no longer ablation dependent.
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It is also found in the boron nitride experiments that

the azimuthal jet structure of the discharge seen with

Plexiglas is no longer evident. As described below, how-

ever, significant effects on the jet velocity remain. That

is, the use of boron nitride insulation within the MPD arc

chamber reduces the degree of ablation from the previous

"significant ablation" level to ablation category (2), "re-

duced ablation".

Effects of Insulator Ablation on the
Exhaust Velocity

Insulator participation in MPD arcjet processes was

originally suggested by comparing radial profiles of exhaust

velocity with species distributions for an arcjet operating

at 15.3 kA with 6 g/sec argon injected through a six-hole
146

Plexiglas end plate.146 The radial profile of velocity was

obtained with a time-of-flight probe at a downstream position

near the end of the electromagnetic acceleration region where

magnetic field measurements showed that 90% of the total arc

current flows upstream of this point. The profile, shown in

Fig. 12, consists of a central core region with an average

plasma velocity of 21.0 km/sec and two outer wings, each with

an average plasma velocity of.8.8 km/sec. Superimposing

Bruckner's radial species distribution 1 3 9 upon this velocity

profile, the ablation products of the Plexiglas insulator

(carbon, oxygen, and hydrogen) are found to occupy the cen-

tral core region while the injected argon propellant occupies

the outer wings. It is therefore legitimate to ask whether

this velocity profile, particularly the high speed central

core, is reflective of a normal j x B body force distribution
or is a consequence of ablation and the particular insulator

material employed within the arc chamber. A related question
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is whether the specific impulse of 1230 seconds calculated
138from the measured thrust for this configuration is arti-

ficially high compared with what it would be for a pure

argon discharge. These questions can be discussed in the

context of the Alfven critical velocity hypothesis.

The Alfven critical velocity has appeared frequently

in the MPD arc literature and is simply defined as the

velocity at which an ion's kinetic energy equals its ioniza-

tion energy.

U = 2e i/mi) (4)

The concept as originally suggested by Alfven in his theory

of planetary evolution proposes that an unspecified, highly

efficient ionization mechanism is activated when the relative

velocity between a neutral gas stream incident upon a mag-

netized plasma reaches its critical velocity.A-5,A-ll, A-12

In applied field MPD arcs the critical velocity appears as

the proportionality constant relating the arc voltage and

applied magnetic field.A - 1 3 ,14 7 Exhaust velocities on the

order of the critical velocity of.the accelerated propellant

have been measured in several cases for both applied and self-

field arcjets,A-9,A-14 but the ultimate significance of the

critical velocity concept to the MPD arc field has been cause

for debate and as of yet no complete theoretical justification

of its use exists. Thus, the critical velocity model used

in this section is not invoked to explain the physics respon-

sible for the measured velocity profile, but rather is em-

ployed in an empirical spirit as an indicator of ablation's

influence on the exhaust velocity.

Critical velocity behavior was observed by Malliaris

for a variety of noble gas propellants when the self-field MPD

arc was operated at conditions such that the parameter J2/
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equaled a critical value given in terms of the propellant
A-9

species and electrode geometryA-9 For argon propellant

and our electrode geometry, J2/m = 39 kA-sec/g, which is

within a few percent of this (J2/m)crit defined by Malliaris.

The argon critical velocity defined by equation (4) cor-

responding to an ionization energy of 15.7 eV and an ion

mass of 40 a.m.u. is 8.7 km/sec. The argon ion plasma leaves

the electromagnetic acceleration zone with a measured average

velocity of 8.8 ± 1.2 km/sec which is within experimental

error of the argon critical velocity.

The multispecies nature of the plasma complicates the

definition of critical velocity behavior and introduces

several ways in which critical velocity phenomena may be

manifested. In a kinetic energy model of critical velocity

behavior, the kinetic energy per particle of the predominant

species continues to be expressed in terms of the critical

velocity of that species. Furthermore, the velocity of each

remaining ion species is such as to equate its kinetic energy

per particle with the kinetic energy per particle of the pre-

dominant species. This equipartition of kinetic energy among

particles was observed by Malliaris and Libby when an applied

field steady-state MPD arc was operated with a bi-species pro-

pellantA-14 In our particular case, the central "Plexiglas"

plasma jet and the outer argon plasma constitute the bi-species

nature of the discharge. Because of the continuum nature of

the discharge plasma in the near exhaust region, the center-

line plasma consisting of the ionized products of Plexiglas

ablation (carbon, oxygen and hydrogen-C5H802) may be treated

as a monofluid with an effective ion mass equal to the average

weighted atomic mass of the ablation products.

5m +8m+ 2m
m = c o = 6.7 a.mou. (5)plex 15
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First order estimates of the Plexiglas ablation rate at

J=15.3 kA, A= 6 g/sec amount to less than 15% of the in-

jected argon mass flow rate, thereby establishing argon as

the predominant species in the discharge plasma.

According to the above kinetic energy model, the center-

line "Plexiglas" plasma velocity should be calculable in terms

of an equipartition of kinetic energy per particle.

e 1= m (Ua)2 = m (u plex)2a a c plex plex

a  Ua
$ml . (6)u a U

plex =(plex)

Upon substitution of m , mplex and the argon critical velocity

Ua into equation (6), the kinetic energy model predicts aC
centerline velocity equal to 21.3 km/sec, well within the ex-

perimental uncertainty of the measured centerline velocity of

21.0 - 2.1 km/sec.

As an alternative, one may propose a "velocity model"

where the argon and Plexiglas plasmas each leave the electro-

magnetic acceleration zone with its respective critical vel-

ocity. The subtlety of this model arises in assigning a value

to the equivalent ionization energy, 0plex' in equation (4).

In the same spirit as equation (5), jplex is estimated as a

weighted average of the ionization potentials of the atomic

constituents of Plexiglas

50c + 80 + 2o +D
plex 15 = 17.0 volts (7)

where the energy of Plexiglas decomposition, 4 D = 1470 kcal/mole,

has also been included. Substitution of mplex and splex into

equation (4) predicts a centerline velocity equal to 22.1 km/sec,

again withinthe experimental uncertainty. It should be noted

that because of the experimental error involved in measuring
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the velocity, one is unable to distinguish between the

two models.

In either case it appears that the exhaust velocities

exhibit an inverse square root dependence on the mass of the

species being accelerated in accordance with the critical

velocity hypothesis, and that the high centerline velocity

associated with the Plexiglas configuration is a consequence

of the low average atomic mass of the centerline plasma and

therefore a direct result of insulator ablation. Hence the

degree of ablation in region III of the six-hole Plexiglas

V-J characteristic is classified as "significant" in that

both the arc voltage and exhaust velocity are ablation

dominated.

When boron nitride is substituted for the Plexiglas in-

sulation for the same six-hole mass injection geometry, the

time-of-flight velocity on the centerline where spectrograms

of the discharge indicate ionized boron and nitrogen are con-

fined, is 16.0 ± 6.0 km/sec. As before, the centerline

"boron nitride" plasma may be treated as a monofluid with an

effective ion mass of 12.4 a.m.u. and an effective ionization

energy of 13.34 volts. Accordingly, the kinetic energy model

predicts a centerline "boron nitride" plasma velocity of 15.6

km/sec, while the velocity model yields 14.4 km/sec.

Thus it appears that even though boron nitride insulation

reduces the degree of ablation to the extent that the terminal

arc voltage is no longer ablation-dominated, the insulator

material continues to affect nominal MPD arc operation through

its influence on the exhaust velocity for this combination of

operating conditions, insulator material and mass injection

geometry.
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Effects of Mass Injection Geometry on
Insulator Ablation

In the previous two sections we described the ablation-

dominated nature of the terminal voltage and exhaust velocity

when Plexiglas is used as the insulator material. For the

given mass injection geometry, substitution of boron nitride

for Plexiglas eliminated influence upon the V-J characteris-

tic, but this configuration still displayed an ablation-

dominated centerline exhaust velocity. In a further attempt

to eliminate the insulator affect upon the exhaust velocity,

the manner in which the propellant is injected into the dis-

charge chamber was next explored.

For the six-hole mass injection configuration, visual

and spectroscopic data suggest that the insulator ablation is

most severe about the base of the centrally located cathode.

This is to be expected since the inverse radial dependence of

the current density tends to maximize the thermal energy flux

from the plasma to the insulating surfaces about the base of

the cathode. In addition, the lack of injected argon pro-

pellant about the cathode base may create locally "starved"

regions which in turn tend to encourage insulator ablation.

Therefore, in an attempt to supply argon propellant to

the cathode region and remove solid insulator surfaces from

the vicinity of the cathode, a revised boron nitride annular

cathode base mass injection configuration was designed and

constructed. The annulus channel, one side of which is the

rear side of the cathode itself, is angled at 450 to provide

a radial component of injected propellant flow, as shown in

Fig. 10b.

Figure 13 is the measured V-J characteristic for this

boron nitride annular cathode base injection geometry for an

argon mass flow rate of 6 g/sec. The revised injection
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geometry still shows no tendency towards transition to

ablation-dominated operation in the high current regime.

It is also interesting to note that region I of the V-J

characteristic has been eliminated and the low current

regime now exhibits the cubic dependence of region II.

This may suggest that mass injection directly into regions

of maximum j x B body force helps promote the dominance of

the electromagnetic mode of arcjet operation even for rela-

tively low values of total arc current. Even though dis-

charge spectra at J = 15.3 kA, m = 6 g/sec continue to in-

dicate the presence of BII, BIII, NII and NIII in the dis-

charge for this new configuration, the centerline exhaust

velocity is now measured to be 9.0 km/sec, essentially the

critical velocity for argon, suggesting this injection

geometry is capable of reducing ablation to a "minimal"

level where the exhaust velocity is no longer ablation-

dominated.

For comparison, the revised injection geometry was tried

using Plexiglas as the insulator material. In this case,

while similar improvement in the exhaust velocity was found,

the V-J characteristic retained its transition to region III

implying that injection geometry changes with Plexiglas can

permute the hierarchy of ablation effects rather than induce

a change to "minimal" ablation, category (3).

In summary, the combination of an annular cathode base

mass injection geometry and a refractory boron nitride insu-

lator result in an arcjet configuration whose voltage charac-

teristic and exhaust velocity are independent of insulator

material. However, this has been achieved at the cost of

higher terminal voltages as is seen in comparing the absolute

magnitudes of the arc voltages for the two different boron

nitride injection geometries. For example, at J = 10 kA the

six-hole geometry voltage is 95 volts where at the same current
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the annular cathode base BN geometry operates at a terminal

voltage of 320 volts. Such a dramatic increase in the termi-

nal voltage for a given current implies a significant change

in arcjet operation.

Effects of Mass Injection Geometry on
Terminal Voltages and Exhaust Velocities

All else remaining the same, MPD arcjet operation at the

lowest possible terminal voltage for a given current and mass

flow is desirable in terms of the overall efficiency of the

device. The empirical. experience outlined above suggests that

some combination of large and small radius mass injection con-

figurations might provide both lower voltages and arc operation

independent of insulator material. To explore this possibility,

floating potential surveys were taken for both injection geom-

tries at J = 9 kA, m = 6 g/sec to identify regions of relative

voltage increase.

Potential measurements begin a millimeter from the anode

in the anode plane, proceed radially inward to the centerline,

and then axially inward to a position a millimeter from the

cathode tip. The floating potentials, uncorrected for elec-

tron temperature gradients, ion flow, collisional, and magnetic

field effects are plotted as a function of radial and axial lo-

cation along the path described above in Fig. 14. The anode

fall potentials, defined as the potential measured at the one

millimeter radial position, are equal for both injection con-

figurations. The most pronounced difference between the two

profiles is found in the steep radial voltage gradient for the

annular cathode base injection geometry case.

This radial voltage gradient suggests that a local starva-

tion of injected propellant exists in the radial conduction

regions of the discharge, an effect elsewhere observed to have
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132
a strong influence on the terminal voltage132 The cathode

base injection configuration apparently tends to concentrate

injected mass about the centerline, whereas mass injection

at a larger radius (six-hole injection geometry) provides

relatively more mass in the radial conduction regions of the

discharge.

In order to determine the optimum flow division between

the outer radial region and the inner cathode region of the

discharge chamber, a new boron nitride mass injection geometry

was designed as illustrated in Fig. 10c, Twelve 0.32 cm holes

symmetrically distributed about a 3.81 cm radius assure a

uniform mass distribution to the radial conduction zone. A

450 cathode base annulus similar to the one used previously

allows argon propellant to be delivered about the cathode.

A flow divider ring establishes two independent plenums

so that the mass flow division between inner annulus and outer

holes can be controlled. The percentage flow division is

monitored by varying the relative area ratios of the choked

orifices feeding the two independent plenums. In such a man-

ner the entire range of flow division between 100% inner flow;

0% outer flow (designated by 100:0) to 0% inner flow; 100%

outer flow (0:100) may be spanned.

The V-J characteristics at 6 g/sec as a function of flow

division are shown in Fig. 15. It is seen that the functional

dependence of arc voltage on arc current is itself dependent

on flow division in the low current regime and independent of

flow division in the high current regime. Region I continues

to scale as voltage proportional to current and region II as

the cube of the current. The voltage as a function of percent

flow through the inner annulus is presented in Fig. 16 for

currents of 5, 10, and 15 kA and a mass flow rate of 6 g/sec.

At the lowest current the voltage appears to be insensitive
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to flow division, whereas at the high currents the voltage

monotonically increases with % flow through the inner annulus.

Thus, to minimize terminal voltage, the arc should be operated

with as little of the flow as possible through the inner

annulus, without inducing the ablation-dominated exhaust

velocity associated with 0% inner; 100% outer flow division

operation. To determine this minimum voltage point of opera-

tion it is necessary to obtain the exhaust velocity's depen-

dence on the % flow division. This relationship is presented

in Fig. 17 where the velocities are measured on the accelera-

tor centerline 2.5 cm downstream of the anode face. A critical

mass flow rate through the inner annulus, Ac, between 1.4 g/sec

and 3.0 g/sec, exists such that for A (inner annulus) > A
c

the exhaust velocity is relatively constant about the argon

critical velocity, while for A (inner annulus) < A the ex-

haust velocity jumps to the neighborhood of the "boron nitride"

plasma velocity calculated from the critical velocity models.

(Dual critical velocity behavior of a multispecies plasma as

a function of species concentration has been reported before

by Eninger in a coaxial plasma gun accelerator geometry, al-

though for different levels of current and pressure.A - 15) Com-

parison of the voltage and velocity results implies that high

current arcjet operation in the electromagnetic mode without

insulator ablation effects at a minimum terminal voltage is

achieved for this geometry with a 50:50 flow division.
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II-C. Propellant Injection Geometry Effects (Villani)

Sufficient data has been accumulated on the effects of

the propellant injection geometry in the MPD discharge to

identify certain geometric parameters upon which the arc per-

formance depends sensitively. By varying two such parameters,

radial location and injection angle of a single annulus, it has

been possible to investigate the effects of propellant starva-

tion on the centerline and at regions of large radius in the

discharge chamber, while maintaining constant such macro-

scopic variables as total mass flow, arc current, and thrust.

The effects of propellant starvation are clearly distinguish-

able through examination of voltage signatures and photographs

taken through spectral filters.

Experiments

The experiments were performed in the large Plexiglas

vacuum tank by applying a 16.1-kA, 850-psec-long current
143pulse to the modular arc head. Argon mass flow was injec-

ted by a fast-acting solenoid valve through the rear chamber

insulator which served as the propellant distributor.

The various propellant injectors were made of Plexiglas

due to its machinability and low cost. Although Plexiglas in-
sulating back plates are known to ablate,14 1 this does not

interfere with the evaluation of the plates as mass injectors.

In fact, the ablating characteristics of Plexiglas have been

used to advantage in the photographic portion of this study to
identify particular regions of propellant starvation.

Voltage and current as a function of time were monitored

on a Tektronix Type 555 dual-beam oscilloscope. Voltage was

measured through a Tektronix P6013A 1000 X attenuator attached

to the cathode cylinder; current was measured by passive in-
tegration of the output of a Rogowski coil wrapped around this
same cylinder.
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Photographs of certain configurations were taken from the

end of the tank on Polaroid type 52 film with a Burlegh Brooks

Super Cambo 4x 5 view camera equipped with a Schneider Tele-

Xenar 550 mm telephoto lens. All photographs were taken with

a lens setting of f/64, through spectral filters with band-
o o0 0

passes centered at 4880 and 5910 A. The 4880 A, 10 A band-

width filter is transparent to light from singly-ionized argon
0 o

(AII), and the 5910 A, 75 A bandwidth filter transmits light

from singly ionized and molecular carbon (CII and C2). Since

the spectral radiant flux in an arc discharge depends both on

the number density of a particular species and on the electron

temperature, photographic density gradients may be taken as due

to either specie density gradients or temperature gradients.

A significant difference in luminosity patterns at wavelength

bands typical of two different species, however, can be taken

with much more confidence to be indicative of a change in re-

lative abundance. Since carbon is a major constituent of the

Plexiglas injection stencils used in these experiments, the

differences in .photographic densities between the argon and

carbon photos are used to determine which regions of the dis-

charge are filled with the injected propellant and which are

filled with ablation products.

Since the purpose of this injection geometry survey was to

specifically seek information on effects which cannot be found

in a one-dimensional analysis, two parametric variations were

conducted using a single current and mass flow - 16.1 kA and

6 g/sec. Thus, in all cases, the thrust and nominal specific

impulse were essentially identical. In the first survey, the

shoulder width, which is defined as the radial displacement of

the injection annulus from the cathode base, was held constant

at 0.31 cm while the propellant injection angle was varied from

-160 (flow along the conical cathode surface) to +900 (flow out-

wardly directed.along the insulating injector backplate). In



- 43 -

the constant angle survey, data were taken with shoulder widths

of 2.46, 1.27, 0.47, 0.24 and 0.0 cm, at an injection angle of

+450. Voltage-time signatures were recorded for all configura-

tions, and spectral photographs were taken of selected cases.

Voltage Behavior

Typical voltage-time signatures for the constant-shoulder-

width survey are shown in Fig. 18. The current is shown on the

upper trace of each oscillogram while the voltage, measured with

respect to the anode ground, is shown in the lower trace. The

traces show that as the injection angle, 8i, decreases, the

voltage becomes larger and considerably more unsteady. This

dependence of peak voltage on injection angle is shown in Fig.

19a. A schematic sketch of the arc head defining the para-

meters "shoulder width" and "injection angle" is also shown in

this figure. The graph shows that as the injection angle is

decreased below approximately +200, i.e. as the inlet flow is

directed more downstream and away from the anode, the voltage

increases by up to 60% over its minimum value. Since the cur-

rent is fixed and thus the thrust is approximately constant,

this increased voltage directly translates into a similar in-

crease in the power loss mechanisms within the discharge.

Oscillograms and a graph of the voltages for the constant-

injection-angle survey are shown in Figs. 20 and 19b. As in

the constant-shoulder-width survey, the maximum voltages are

plotted. Except for the ws = 0.0 cm data, the voltage shows a

monotonic increase as the injection annulus is moved farther

from the cathode. The results at w = 0.0 cm are considered

somewhat questionable because the surface of the cathode was

employed as the inner wall of the channel in this injection

stencil (see Fig. 21). Two data points were obtained, one with

this surface uninsulated, Fig. 21b, and one with a thin coat

(less than 0.05 cm) of insulation on it, Fig. 21c. The un-

insulated cathode voltage was very high, approximately 220 volts,
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and there was evidence from the condition of the cathode sur-

face that some arc current was attaching to the cathode sur-

face back inside the channel. Since this current would pro-

duce a j x B force directed towards the centerline, it was con-

sidered likely that in this case the effective turning angle

of the injection stencil/cathode combination was much less

than 450. The insulated cathode produced a much lower voltage

as expected, although there was a systematic tendency for the

later shots to exhibit higher voltages than the earlier shots

due to ablation of the thin insulating layer. It is likely that

the shots most characteristic of nominal behavior of this con-

figuration are the first few shots taken, which exhibit volt-

ages in the vicinity of 145 volts. The dotted lines in Fig.

19 indicate the uncertainty in the voltage dependence between

w = 0.0 and 0.24 cm.s

Spectral Photographs

End-on spectral photographs of the discharge have been

obtained for the constant injection angle (Ei = + 450), varying
1 0

shoulder width survey. These are shown in Figs. 22a (4880 A
o

AII filter) and 22b (5910 A CII and C2 filter). It can be

seen that as the injection annulus is moved to larger radii

the argon luminosity becomes more faint and the bright lumi-

nous area in the carbon photos increases in size continuously.

This trend toward an apparent increase in number density of

ablated species in the discharge corresponds to an increase

in the terminal voltage, as indicated in Fig. 19b.

The photographs for the insulated and uninsulated no-

shoulder injectors (top of Figs. 22a and b) support the dis-

cussion of these configurations in the terminal voltage section.

The relative densities of the argon photos are such that the

"uninsulated" photo is more dense than the "insulated" photo

at small radius, even slightly beyond the cathode radius, and
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less dense than the insulated photo at large radius. The

relative density levels can be explained by a luminosity
distribution which is more peaked in the center for the un-

insulated configuration. Examination of the corresponding

carbon photos (top of Fig. 22b) shows some carbon luminosity

in the uninsulated case at large radius, where the argon photo

is relatively dark. This luminosity suggests that the tem-

perature is sufficiently high to excite the species present.

Thus, the comparison of the photographs suggests a peaking

of argon concentration about the centerline supporting the

hypothesis that the extension of current back into the channel

of the injection annulus affects the distribution of propel-

lant.

Internal Diagnostics

The arc voltage is ultimately the result of the E-field

produced in the arc in response to an interrelated pattern of

local current density, plasma state, transport properties and

the interaction between flow velocity and magnetic field.

Knowledge of the potential and current distributions in the
arc can provide answers to questions such as: Does the in-

creased voltage for some injectors appear as additional
"electrode falls" or does it arise in the body of the plasma?

Do the additional potential drops appear in the same region

as propellant mass starvation, with the latter indicated by
the spectral photos, or are the loss mechanisms nonlocal in
nature? Is the current pattern, and thus the force field per-
turbed significantly by the changes in the propellant distri-
bution?

To answer these questions, a survey has been made of the
patterns of enclosed current and floating potential in the dis-
charge for two 9i = 450 configurations: the w = 0.47 cm case
V = 160 volts) and the ws = 0.0 cm, uninsulated case (V = 220
volts). Enclosed current contours are obtained by taking
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advantage of the simple axisymmetric geometry in that Maxwell's

equation V xB= p 0j integrates to

o JenclosedIBI= 2r "(

B is measured by inserting a 0.5-cm-diameter, 8-turn coil at

the desired point in the chamber, whose output voltage is pro-
dBportional to dt This is passively integrated, and the out-

put of the integrator, which is proportional to B , is displayed

on an oscilloscope.

Floating potential is measured by exposing the tip of a

small length of insulated wire to the plasma at the desired

position. The wire is then connected to ground through a high

impedance, usually a Tektronix P6013A attenuator, and its poten-

tial displayed on an oscilloscope.

Initial results of the current and potential surveys are

shown in Fig. 23. Although the data reduction will be extended

to extract local values of current density, j, local body forces

j x B, local total power input E-j, and local ohmic heating
j2/a , some initial conclusions can be drawn from the data in

its relatively unprocessed form.

Since the cross sections in Fig. 23 represent axisymmetric

distributions, each region defined by the space between two

adjacent equipotential lines and two adjacent enclosed current

contours actually corresponds to a quasi-toroidal volume of

space. For equal areas on the figure, the associated volume is

proportional to the distance from the centerline. Furthermore,

since the interval between all adjacent equipotentials is a

constant 2 V and the interval between adjacent current stream-

lines is a constant 2 kA, the same amount of power, 40 kW, is

being deposited in each volume so defined. It follows that for

a constant radial position, the power deposition per unit volume

is simply inversely proportional to the area of the "power

quadrilateral" at that point.
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Examination of the contours shows that the power density

in the region marked (A) of the ws = 0.47cm configuration,

Fig. 23a, is approximately twice that of the same region in

the ws = 0 configuration, Fig. 23b. This is the region which,

according to the spectral photographs shown in Fig. 22, is most

highly starved for this configuration.. However, since the total

power is much greater for the ws = 0 configuration (3.6 MW for

w = 0 vs 2.5 MW for w = 0.47 cm), the power density at other
s s
locations in the chamber must be much higher for the ws = 0

case to make up the difference. Examination confirms this:

the power density at both large and small radii in the down-

stream half of the arc chamber is approximately 50% to 100%

higher for the ws = 0 configuration than for the ws = 0.47 cm

case.

This in itself gives us some insight into the physical

processes involved in the energy losses. The Maecker ex-

pression for thrust, Eq. (3), has been shown to have a high

degree of validity in the operating regime of this device.

The thrust equation involves only total current and electrode

geometry; it does not involve total mass flow, much less in-

jected mass distribution. Thus, for fixed injected mass flow,

electrode geometry, and total current, an arc running at higher

power must be considered to be running at lower efficiency, in-

dicating the activation of some loss mechanism. The fact that

the excess power between the two cases shown here appears in a

region far from any electrodes (i.e. downstream half of chamber,

intermediate and small radii) shows that the loss mechanisms are

due to phenomena occurring in the body of the plasma rather than

to phenomena associated with the plasma-electrode interface.

Furthermore, exhaust plume measurements on a similar device

have shown profile and divergence losses to be each approximately

20% of the total directed kinetic energy (0.16 MW and 0.17 MW

respectively); 138 it is therefore highly unlikely that increases
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in these components of the power balance can account for the

1 MW difference between the two configurations shown here. The

conclusion is that the excess losses of the ws = 0 configuration

must appear as either multiple ionization, thermal energy, or

radiation.

Physical Processes

The ultimate goal of this research is an understanding of

the physical mechanisms responsible for impeding the current

flow in the arcjet and causing high voltages, with the sub-

sequent aim of reducing them to a minimum. Aside from electrode

phenomena, which are the subject of other research programs in

this laboratory, the likely candidate phenomena are increased

plasma resistivity, Hall parameter effects, or v x B back EMF.

Since the latter two are non-dissipative, they must induce

additional phenomena if they are to cause an increase in arc

power without a corresponding increase in thrust.

An example of this can be found in the current-potential

contours shown in Fig. 23. It can be shown that the power

density in a conducting fluid, j. E, can be broken up into two

terms:

j - E = v-j xB + tj 2  (9)

where is the scalar resistivity of the plasma.

The term v * jxB is simply the power being deposited in

directed kinetic energy of the local plasma by the local

j xB force. The term Lj is the local ohmic heating. While
it is true that a given element of plasma traversing the entire

arc chamber may have some of its directed kinetic energy thermal-
ized due to passage through high-Mach-number shocks, and some

of its thermal energy converted into directed kinetic energy by
expansion due to a magnetic nozzle effect, it seems reasonable

to expect that an arc in which the integral of j2 throughout
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the chamber volume is large compared with the integral of the

v .j xB term will have greater losses than one in which the

relative values of these integrals are reversed. Without in-

voking any major changes in q, it is possible to examine the

differences between the two configurations shown in terms of

the quantity fj 2 dV, where V is the chamber volume.
v

The current streamlines for the ws = 0 configuration, Fig.

23b, are distended downstream considerably more than those for

w = 0 .4 7 cm in Fig. 23a, even near the cathode where the arc

with ws = 0 could be expected to operate in a medium with

sufficient charge carriers. This is an example of the possible

non-local effects of a local mass starvation; the current stream-

lines are forced to spread out axially to traverse the "starved"

jacket region, and the current in the core region is then forced

to flow further downstream in order to secure current-continuity

between the two regions. At first it may appear that the

ws = 0 current pattern is more diffuse than the ws = 0.47 cm

pattern due to its greater axial extent. However, the quantity

j2 is equal to (VJenclosed) 2/(2Wr)2 and because of the 1/r2

dependence, the region within one cathode radius of the center-

line is found to comprise most of the integral. In this region,

it is obvious from the closely spaced current streamlines that
.2
j2 is considerably higher in the ws = 0 configuration.

Preliminary calculations of the integral in the two cases

shown indicate that the ratio of the quantity fj2dv between

the w = 0 and w = 0.47 configurations is approximately 1.6. By
s s

comparison the ratio of total power between the two configurations

is approximately 1.4. The ratio of directed kinetic energy between

the two is not yet known.

Although neither the experimental program nor the data

analysis is yet complete, it can be seen from the above that a

model is emerging which can account for some variations in "ohmic"

losses for different injection configurations despite the fact
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that the plasma resistivity itself depends only logarith-

mically on density. In the case of "jacket" starvation, it

appears likely that some effect in the jacket impedes the

current flow at large radius, forcing the pattern to distend

downstream and causing an increase in axial current density

and Ij2 at small radius.



- 58 -

III. HOLLOW CATHODE DISCHARGES (Krishnan)

During the past several years, hollow cathodes have re-

placed more conventional electron emitters in advanced ion

engine thrusters due to their demonstrated lower specific

heating power, decreased erosion, and improved discharge
A-16

stability. Despite these advantages, hollow cathode de-

terioration after several thousand hours of operation is one

of the principal causes of reduced ion thruster system life-

time and reliability.A - 1 7 A diagnostic study of the interior

plasma, which is clearly necessary in order to understand hollow

cathode operation and ultimately to reduce its long term wear

characteristics to a tolerable level, has been precluded up to

now by the small dimensions of these cathodes. As a conse-

quence, only a few detailed analyses of the physical processes

inside the cathode cavity have been attempted and even empir-

ical scaling laws and scaling parameters for these cathodes

have not yet been well established.A - 1 8

In the present program at this laboratory, a much larger

hollow cathode has been incorporated in a high current, quasi-

steady MPD discharge. Once characteristic hollow cathode opera-

tion is established in this configuration, the larger cavity in

the quasi-steady discharge will allow detailed study of the in-

terior emission and ionization processes. In this way it should

be possible to determine 1.) whether the same advantages found

in ion engine hollow cathodes prevail at these higher currents

and 2.) the nature and extent of scaling laws for characteris-

tic hollow cathode operation.

The previous semi-annual report described in detail the

quasi-steady hollow cathode apparatus, its calibration, and the

results of early experiments in which the terminal properties

and discharge luminosity were recorded over a wide range of

currents, mass flows, and flow division between cathode and
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chamber injectors. 146 The most interesting results were ob-

tained at high current (29 kA) and low mass flow (0.3 g/sec)

through the cathode only. In this case, bright argon radiance

was observed emanating from within the hollow cathode sugges-

ting that a significant fraction of the input current is

attaching inside the cavity.

In order to determine the fraction of the total current

emitted from the cathode interior, the magnetic field distri-

bution in and around the cathode was measured using a 0.1-cm-

diameter magnetic field coil in a thin glass tube to insulate

it from the plasma. Figure 24 is a sketch of the enclosed

current contours within and near the hollow cathode for this

29 kA, 0.3 g/sec operating condition. Almost all of the input

current attaches either on the face or on the external surface

of the tungsten cathode, with at most 800 amperes inside the

cavity. Raising the mass flow to 6 g/sec or decreasing it to

0.04 g/sec at the same current had a marginal effect on this

distribution, the maximum of 1.3 kA inside current observed at

the lowest mass flow.

To force more of the current inside the cavity, the outer

cylindrical cathode surface, which carries approximately one-

half of the total current, was insulated with a nylon tube.

This cathode configuration is shown in Fig. 25b compared to

the uninsulated version in Fig. 25a. Magnetic probe measure-

ments, however, showed that the same small fraction of the

total current attached in the cavity as with the uninsulated

cathode, while the cathode face now carried the balance of

the current.

The insulation of the outer electrode surface was there-

fore extended to include the cathode face and the downstream

section of the cavity surface. This configuration, shown

schematically in Fig. 25c, forces the current to attach in-

side the 20-mm-long cavity, still permitting diagnostic access

through the 9.4-mm-diameter by 19-mm-long insulated channel.
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For this insulated cathode, the current distribution

was determined by translating the magnetic probe axially from

the insulated channel upstream to the end of the cavity at a

fixed radius of 2.4 mm. The measured enclosed currents, shown

normalized with respect to the value at the upstream end of

the channel insulator, are plotted in Fig. 26 for a current

of 7 kA and mass flows of 0.4 and 4.0 g/sec. The cathode and

its insulator are shown for comparison on this and later

figures. For the m = 4.0 g/sec condition, the steep gradient

of enclosed current over the first 11 mm of the cavity in-

dicates that 90% of the current attaches over this length.

This in turn implies a current density at the wall of 1300

A/cm2, which is considerably higher than the current density

for hollow cathodes in ion engines. For m = 0.4 g/sec the

current distribution'is seen to extend somewhat further up-

stream. Thus, for this range of mass flows, most of the

current attaches over a relatively short region at the front

of the cavity.

In order to explore the profiles of the potential over

the same regions for which the enclosed currents were mea-

sured, a single floating-potential Langmuir probe was used.

It consists of an insulated 0.25-mm-diameter tungsten wire,
of which only the front 3 mm is exposed, and which is con-

nected to an oscilloscope through a Tektronix P-6013A voltage

probe. The floating potentials, which in all cases were

steady and reproducible, were measured relative to the anode

ground so that voltages relative to the cathode had to be re-

duced from the separately measured terminal voltage.

In a potential survey it is the plasma potential which

is of principal interest rather than the floating potential.

However, the correction term to be applied, usually of the

order of a few volts, includes the electron temperature which
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has not yet been measured for these operating conditions.

Consequently, the values displayed in the following figures

are floating potentials relative to the cathode and thus

represent the minimum voltage difference between cathode and

probe location. In Fig. 27 the relative floating potentials

along the cathode axis are presented for the J=7 kA, m= 4.0

and 0.4 g/sec operating conditions. For the m= 0.4 g/sec

condition, there exists a plateau in the potential over the

front 11 mm of the cavity, exactly where most of the current

attaches (Fig. 26). Similarly, for m=4.0 g/sec, a plateau

is detected over the first 6 mm of the cavity, again the region

of primary current attachment. These relatively field-free

potential plateaus (less than 8 V/cm) may indicate the presence

of an electron trapping mechanism, which has been proposed for

lower current hollow cathode operation.

A second interesting feature of the potential profiles

is the very steep gradient connecting the interior cavity

plasma with the outer discharge. The large electric field

associated with this gradient (approximately 100 V/cm) may re-

flect a low conductivity in the outer plasma between cathode

and anode, where there is rio injected argon, or it may in fact

be the field necessary to conduct the 7 kA current through the

long, small-diameter insulating channel. In either case the

field is undesirable because it causes a large power deposition

in this region.

The first hypothesis was negated by measuring the center-

line potential profile for a case where the flow was-split

into a 4 g/sec inside flow and a 4 g/sec outside chamber flow.

For this running condition, the terminal voltage is virtually

unchanged and the potential profile through the insulator

channel, as shown by the solid square data points in Fig. 27,
closely follows that for the case of 4.0 g/sec mass flow in-
jected solely through the cathode. However, it should be noted
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that the potential plateau inside the cavity has disappeared.

It may be speculated that the loss of the plateau is related

to a decreased excitation or ionization mean free path within

the cavity caused in turn by the higher pressure, p2 and

different orifice sizes necessary to split the flow.

Since the large field is apparently caused by the re-

strictive insulating channel, two alternative insulators were

installed to determine whether the length or diameter is respon-

sible. One of these configurations consisted of a shorter in-

sulator of the same inner diameter as the original (cathode II,

Fig. 25d), while the second was of the same length but smaller

diameter (cathode III, Fig. 25e).

The profiles of floating potential and enclosed current

for the short insulator configuration at a current of 7 kA and

mass flows of 4.0 and 0.4 g/sec are shown in Figs. 28 and 29.

In Fig. 28, the potential profiles are compared with the cor-

responding profiles for the long channel hollow cathode con-

figuration. The voltage gradient in the short insulated channel

is approximately 100 volts/cm as in the longer channel, but it

prevails now over only one-half of the previous channel length

and thus accounts for a smaller potential drop of only 100

volts. This change is reflected in the terminal voltage which

decreases from 375 V to 250 V for m = 4.0 g/sec and from

395 V to 290 V for m = 0.4 g/sec.

A further interesting difference in the profiles is that

the lower portion of the steep gradient now extends approximate-

ly 0.5 cm into the cavity where it joins a potential plateau at

30 volts which extends from 0.6 cm to 1.7 cm further upstream.

It should be noted that the latter is approximately 50 volts

below the potential of the plateaus in the long channel con-

figuration, and that it begins and extends considerably further

upstream. This may be due to the divergence of the equipoten-

tials around the chamfer on the face of the tungsten electrode.
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An inspection of the current distribution for the same mass

flows in the short channel configuration, Fig. 29, shows that

about 70% of the current at 4.0 g/sec and 80% of the current

at 0.4 g/sec still attaches in that portion of the cavity where

the potential plateau is observed. Thus, it can be stated that

over a limited range of conditions, both cathode configurations

exhibit current densities on the cavity wall of approximately

1500 A/cm2 coexistent with axial potential plateaus of less

than 10 V/cm.

The potential profile for the long channel with the small-

est diameter hole (cathode III, Fig. 25e) is considerably

steeper in the insulator region (150 V/cm as compared to 100

V/cm previously), resulting in a terminal voltage of 510 V

for the 7 kA, 4.0 g/sec condition. Thus, comparing the volt-

age gradients of cathodes I, II and III, it appears that the

electric field along the insulator channel is determined pri-

marily by the channel diameter. It follows that the total

voltage drop through the channel is then established by the

channel length.

To obtain further information on the physical processes

in the hollow cathode a few near infrared spectrograms of the

discharge were recorded. This spectral region contains a num-

ber of strong neutral argon lines which are more readily identi-

fiable than those in the visible portion of the spectrum, since

the latter tend to be dominated by ionized argon and impurity

lines. Figure 30 compares the spectral interval from 6500
o

to 8600 A for the uninsulated hollow cathode in the 29 kA,

0.3 q/sec argon discharge with that for the fully insulated

hollow cathode I at J=7 kA and im= 0.4 g/sec. Both spectrograms

were recorded looking upstream, directly into the cavity along

the axis. However, in the case of the uninsulated cathode at

the 29 kA, 0.3 g/sec condition (Fig. 30a), there existed a

radiant region immediately downstream of the cathode orifice
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through which the line of sight also passed. No such de-

tached radiant region was observed for the insulated cath-

ode at the 7 kA, 0.4 g/sec condition (Fig. 30b).

Figure 30a shows that the distribution of radiance of the

spectral lines does not reflect any of the cathode features

despite the measured 0.8 kA attaching inside the cavity for

this 29 kA, 0.3 g/sec condition. The AI lines are barely

discernible and there is no continuum radiation. (In con-
O o

trast the AII lines between 4300 A and 6000 A are clearly

observable, but not shown here.) An estimate of the electron

density from the broadened Hp line (not shown) indicates

several times 1015 electrons/cm3 somewhere along the line-of-

sight, most likely inside the cavity.

The spectrum of the discharge in the fully insulated

cathode shows, in dramatic contrast, a sharply defined con-

tinuum in the cavity with AI and AII lines brightly super-

imposed-on it. (Fig. 30b). There is little radiation re-

corded beyond the cavity diameter at this exposure, indicating

the high level of radiant flux emerging from the cavity. The

large widths of the broadened HC and Hg lines in this spec-

trum indicate an electron density of several times 10 17/cm 3

in the cavity, two orders of magnitude larger than in the

uninsulated cathode, despite a total arc current only one

quarter as large. The distinctly bounded bright "brems"

continuum radiation dominates even in the low sensitivity

region of the film, confirming a high level of electron dens-

ity. The AI lines appear brightest at the edge of the cavity

while AII radiance is most pronounced along the axis. Sped-

trograms recorded at higher mass flows and the same current

of 7 kA show a correspondingly higher radiance of AI and AII

spread over a larger radial extent, but the continuum appears

distinctly bounded by the cavity, as in Fig. 30b, and at

approximately the same visual density on the film.
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In summary, first evidence has been obtained that a

hollow cathode can be successfully operated in a high power
quasi-steady MPD discharge without the assistance of auxil-

iary heating, low work function inserts, or external keeper,

electrodes. The relatively large dimensions of the hollow

cathode have permitted detailed probing of the potential

profiles and enclosed current distributions inside and out-
side of the cathode cavity. These measurements yield current
densities in the cavity of approximately 1500 A/cm 2 in a
region of axial potential gradient of less than 10 V/cm.
Electron number density in the cavity exceeds 1017/cm3
which is at least one order of magnitude higher than pre-
viously observed in solid cathode MPD discharges of twice
the arc current level.
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IV. PLASMADYNAMIC LASER STUDIES

The preceding semi-annual report discussed two

initial steps taken in the program to determine the ex-

tent to which an MPD discharge can be used as a laser

source. In the first of these, photoelectrically mea-

sured radiance profiles were used to determine the optical

depth of selected transitions within the MPD discharge.

These measurements, which can be related to the gain or

absorption of the particular transition, have been ex-

tended recently using calibrated optical components and

the improved injection configuration discussed in section

II-B. Early results are reported in the first of the two

succeeding sections.

In the second of the previously reported experiments,

the distribution of neutral argon in the discharge chamber

and exhaust flow was obtained using a spectroscopic-
photographic technique. When combined with other records
of singly ionized argon distribution, these data indicate
a substantial recombination in the exhaust flow within
36 cm of the discharge chamber, thus implying that popula-
tion inversions could be produced in that region. To

determine whether this complete recombination process

proceeds collisionally or radiatively, the ultraviolet

radiation characteristics of the discharge have been re-
corded. The technique and the first results obtained with

it are described in the second section.
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IV-A Optical Depth Measurements (Campbell, von Jaskowsky)

In earlier work with the parallel plate discharge

apparatus the gain coefficient over a 15-cm path, a , trans-

verse to both the discharge current and flow direction,
o

oC= (l/L) nm (L/L ), was measured for the 4880 A line using
0 92

an argon ion laser of radiance L . For the 120 kA x 20 Vsec

pulse in 50 mTorr of ambient argon, the gain coefficient was

found to be negative during most of the discharge except for

a small positive excursion of less than 0.005 for approximate-

ly 10 psec. Although reproducible, this positive value could

not be firmly established due to the 1.5% experimental error

bar.

These earlier experiments clearly show the need for op-

tical measurements with accuracies better than 1%. The first

step in achieving this goal is the calibration of the reflec-

tivities and transmissivities of the various elements in the

optical train. The arrangement shown in Fig. 31a was used to

calibrate the components required for the measurement of the

optical depth as shown in Fig. 31b. In the calibration, a

15 cm integrating sphere in Fig. 31a, was used with an IP28

photomultiplier (PM-1) because the latter alone did not yield

the needed accuracy due to the differences in sensitivity over

the multiplier cathode. A second photomultiplier (PM-2) was

used in a "null"-bridge method to balance out any fluctuations

of the Sylvania C-10 concentrated-arc light source. In this

arrangement, the PM-1 and PM-2 detectors were connected in

opposition across two 50,000 Q, 10-turn potentiometers. The

sliding contacts were then adjusted for zero potential dif-

ference between them by monitoring a differential input os-

cilloscope. The high sensitivity of the oscilloscope and the

fine scale of the potentiometers produced a detector accuracy

of 0.3%. For the calibration, 10 readings with and without
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the reflective optics in the optical train were recorded by

simple repositioning of the small mirror M in Fig. 31a.

The reflectivity of the reflective optics was deter-
0

mined at three spectral locations, - 4530 A (Wratten #47B),
0 0 0

e4910 A (Wratten #75) and = 5510 A (80 A wide interference

filter). The measured values are shown plotted against

wavelength A in Fig. 32a. The standard deviation for these

data was 0.38%. In a similar way, the transmission of the

tank window W in Fig. 31b was determined at 16 positions

on the window by simply inserting it into the optical train.

The measured transmissivity, again plotted versus wavelength,

is shown in Fig. 32b. The transmissivity is seen to depend

on the beam diameter due to scattering which can be shown

to scale with the radiance in the beam and therefore will

scale inversely with the beam cross section. The overall

standard deviation in any of the transmission measurements

was 0.2%, somewhat better than the reflectivity measurements

in which the small mirror M had to be moved.

The window and the reflective optics were installed as

shown in Fig. 31b for measuring the optical depth of ionized

argon lines at the 15.3 kA x 6 g/sec operating condition.

It should be noted that an iris of 1 cm opening restricted

the nominal focal ratio 1/F to approximately 1/200 providing

considerable depth of focus and good resolution.

A typical oscillogram of the radiance signals with and

without reflective optics at an axial station 2 cm downstream

of the anode is shown in Fig. 33, together with the terminal

voltage in the upper trace for reference. Assuming the

plasma radiates equal spectral fluxes in both directions along
the optical path, the radiance signals S and SR on the oscil-
logram are reduced using the following expression for the
radiance with reflective optics of reflectivity R and window
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transmissivity T:

SR = L T2 e + L (10)

where L is the radiance from the plasma and Z its

optical depth. The relative difference in the radiances

with and without reflective optics is then:

(SR - S)/S = RT2 e

and the radiation enhancement (for CCO)

- 1 SR - S
e (11)

RT 2

In the sample trace at t - 0.8 msec, e = 1.06 and

therefore r =- 0.06.
0

It should be noted that this sample of the 4764.8 A

AII line is a preliminary measurement in the ongoing in-

vestigation rather than an exhibition of a particular op-

tical depth. Such measurements for several lines over a

range of operating conditions are in progress now with the

improved injection geometry (see Sections IIB and IIC) and

the refractory discharge chamber insulator. Clearly this

technique must also demonstrate a high degree of repro-

ducibility in a number of successive discharges. One simple

discharge with, and a succeeding one without reflective op-

tics as in the example of Fig. 33 is insufficient. Attrac-

tive alternate methods to be explored further employ either

a light chopper in the reflected optical path or the simul-

taneous measurement of both incident and reflected components

with two photodetectors.
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IV-B. Vacuum Ultraviolet Radiation Studies (von Jaskowsky)

The study of the relative magnitudes of AI and AII radi-

ance has shown recombination to be effective in the flow from
146

the MPD discharge. The spectroscopic presence of AI, how-

ever, does not in itself establish whether the recombination

process is entirely radiative or dominated by 3-body colli-

sions. It is this latter collisional recombination process

which is of particular significance for the establishment of

a population inversion by fast cascading from the upper levels

of the recombined ion or atom. Such an inversion may be ex-

pected to involve energy levels above the lower lying resonance

levels from which the radiative transitions are faster than

the collisional de-excitation process. A study of the pres-

ence of resonance radiation should therefore indicate whether

collisional de-excitation involves only the upper levels of

the ion or atom or whether it extends all the way to the

resonance and metastable levels. Since these levels lie some

13 and 16 eV above the ground level of the ion and some 11

and 14 eV above the ground level of the atom, a vacuum ultra-

violet technique must be used.

In the present investigation a 6199 photomultiplier tube

was used in tandem with a glass substrate coated with a

1.8 mg/cm 2 (or 1.3 mg/cm 2 ) layer of sodium salicylate. This

material fluoresces with an absolute and constant quantum

efficiency of 0.65 under incident radiation from approximate-
o o A-19

ly 300 A to 3500 A wavelength. The radiance emitted from
0

the fluorescent coating peaks at approximately 4200 A, which

is clus to the peak sensitivity of the multiplier tube.

In order to distinguish spectral regions of the radiance

emitted by the relaxing MPD plasma flow, interchangeable

filters of calcium fluoride, quartz, and glass, as well as

two aperture stops were positioned in front of the fluorescent
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screen as shown schematically in Fig. 34a. The photo-

multiplier responds to a) the fluorescence of the sodium

salicylate screen and b) the radiation transmitted through

the filters and the fluorescent screen without fluorescent

response. Table 1 shows the wavelength regions of these two

components of radiant flux.

Table 1

a)Fluorescence b)Transmission
due to

o o
No filter 300 - 3500 A 3500 - 7000 A

CaF2 (0.2 cm) 1220 - 3500 A 3500 - 7000 A
o 0

Quartz (0.31 cm) 1700 - 3500 A 3500 - 7000 A
o o

Glass (0.3 cm) 3100 - 3500 A 3500 - 7000 A

o
The 7000 A limit is set by the sensitivity cut-off of the

photomultiplier. Figure 34b shows the multiplier in the gate

valve mounting installed at the location.of the second window,

z =0.39 m, covering a field of view of 0.34 m of the flow on

the axis of the vacuum tank.

A typical set of side-on photomultiplier records

(1.3 g/cm 2 of sodium salcylate) with and without filters is

shown in Fig. 35 for the 16 kA, 16 g/sec operating condition.

The terminal voltage of the MPD discharge is shown for com-

parison in the upper half of Fig. 35a.

It is instructive to divide the oscillograms into three

temporal regions: the initial transient peak, the quasi-steady

portion, and the afterglow or radiance emitted after cessation

of the current pulse. It should be noted that these three

regions do not show the same spectral characteristics. For

example, when the spectral detection region is extended from
0

that transmitted by glass to wavelengths below 1220 A, the

initial peak at t2 = 0.145 msec increases by 80% and the after-

glow at t4 = 1.2 msec by 340%, while the quasi-steady portion

increases by only 20%.
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The first peak may be indicative of the passage of a

strongly radiating front9 2 through the field of view of the

photomultiplier. The leading edge of this front arrives in

the center of the field of view at tl = 0.08 msec, fully

occupies it at t2 = 0.14 msec and leaves it at t3 = 0.29 msec

as indicated in Fig. 35d. The half-width of approximately

one-tenth millisecond indicates the residence time of the

front in the field of view. These times and the known di-

mensions of the field of view yield a width of approximately

0.26 m for the front travelling at 2 km/sec which is con-

siderably slower than the flow velocity in the quasi-steady

part of the pulse.
8 8 ,9 7

For a more complete radiation profile at the same

16 kA x 16 g/sec operating condition, the radiance was also

recorded with the same filters at the ist and 3rd vacuum tank

windows. The oscillograms, shown in Fig. 36, were obtained

with a 1.8 mg/cm 2 coating of sodium salicylate, which was

found to have a lower fluorescent efficiency than the previous

coating of 1.3 mg/cm 2 . Figures 36a,c and e show the detector

signals with the glass filter, while no filter was used for

the recordings in Figs. 36b,d and f. The radiance oscillograms

at the 2nd window, Figs. 36c and d show the delay in the

arrival of the radiating front relative to Figs. 36a and b

recorded at the 1st window. The absence of the ultraviolet

peak at the Ist window location is to be noted as well as an

approximately 20 fold decrease in recording sensitivity for

the high radiance level. At this upstream location the signal

increases by some 40% in the quasi-steady portion due to ultra-
violet radiation, while there is no afterglow peak such as ob-
served further downstream at the second window location,

Fig. 36d.

Further downstream at the 3rd window location, the be-

ginning of the radiation pulse is further delayed relative to

the second window and does not rise to a prominent peak. At
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the pulse front a considerably level of ultraviolet is

radiated, as well as at the end of the pulse where it slow-

ly decays without the typical afterglow peak. It should

also be noted that the "quasi-steady"' region observed at

the first and second windows has been significantly shortened,

occurring only over the last quarter of the current pulse

which is shown in the upper part of the oscillogram.

The radiance records with the glass filter and with no

filter for two other mass flows at the same 16 kA current

are shown in Fig. 37. For a mass flow of 6 g/sec, Figs. 37a

and b, the radiance level is rather comparable to that at the

16 kA x 16 g/sec operating condition, but now a second pro-

nounced peak of radiance appears at 0.31 msec whose origin

is not understood at this time. The radiance at the

16 kA x 32 g/sec condition, shown in Figs. 37c and d is quite
similar to that at 16 kA x 16 g/sec, Figs. 36c and d, but at
a level reduced by approximately 25%.

The large proportion of vacuum ultraviolet radiation
throughout the discharge pulse is attributed to energetic
argon resonance radiation. However, it is not possible to
assign this radiation to either AII or AI since the resonance
transitions for both ionized and neutral argon occur at wave-

0
lengths below 1200 A, which is the cut-off of the CaF filter.
The vacuum ultraviolet radiation indicates that the resonance

levels have not been depleted by collisional de-excitation,
thus indicating the possible existence of inversions in the
levels above the resonance levels due to rapid cascading in
the recombination process.

The large population of the resonance levels provokes the
intriguing thought of stimulated emission in the vacuum ultra-

violet from these levels. In the atom these transitions must
be expected to be rapidly self-terminating; in the ion the
possibility exists of extending the point of self termination
by rapid recombination. However, this same collisional process
may also deplete the resonance level and destroy the inversion.
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Appendix A: Semi-annual Statement of Expenditures

PULSED ELECTROMAGNETIC GAS ACCELERATION

NASA NGL 31-001-005

1 January 1973 thru 30 June 1973

Direct Costs

I. Salaries and Wages

A. Professional $17,250
B. Technicians 11,201
C. Students 3,000
D. Supporting Staff 3,644

$ 35,095

II. Employee Benefits, (21% of IA,IB,ID) 6,750

III. Materials and Services 9,612

IV. Travel 75

V. Tuition 2,200

Total Direct Costs $ 53,732

VI. Overhead (75% of I) 26,358

Total $ 80,090




